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Despite the large number of catalytic studies involving Ag/Al2O3 catalysts, especially in deNOx reactions, the phenomenon of ageing observed during catalysts storage after preparation by impregnation followed by a calcination treatment, has not been reported earlier and rises questions. The present paper highlights firstly the colors of the calcined Ag/Al2O3 catalysts (white to yellowish) and the associated UV-visible spectra as a function of the Ag loading (0.5 to 4 wt% Ag), and secondly the gradual changes of color to grey/black and the associated UVvisible spectra when the samples are stored in ambient air or in vacuum in a desiccator in dark.

These changes were found to be reversible when the samples are re-calcined.

The physico-chemical changes in the silver species during ageing were explained thanks to a comprehensive characterization study of the Ag/Al2O3 catalysts after calcination and after ageing. Several techniques such as UV-Visible spectroscopy, XRD, electron microscopy, XAS and photoluminescence were used. After calcination, in addition to highly dispersed Ag + species on alumina, the presence of Agn clusters of size smaller than 1 nm was found to be responsible for the yellowish color of the Ag/Al2O3 catalysts with Ag loadings higher than 2 wt% Ag and for the associated plasmon band at 350 nm. The ageing process was explained based on characterizations, coupled to a close examination of the literature data on the mechanisms of reduction of Ag + species, and on physico-chemical phenomena that can influence the color of various silver-containing materials, such as Ag 0 particle size, aggregation/redispersion and surface alteration. Consequently, the ageing process of the calcined Ag/Al2O3 catalysts, associated to sample darkening and to Ag plasmon band shift and broadening in the entire visible range, was proposed to result from the modification of the nature of the supported Ag phase: the reduction of Ag + species (by auto-reduction and/or photoreduction), followed by the growth of Ag 0 particles, It is proposed that the Agn clusters may act as nucleation sites for the formation of larger Ag 0 particles and that the formation of aggregates is favored by an easy migration of Ag on alumina.

Introduction

Silver-based catalysts, such as Ag/Al2O3, have been broadly studied in reactions such as selective reduction of nitrogen oxides by hydrocarbons [1][2][3][4][5][6][7][8][9][10][11][12][13][14], ethylene epoxidation [15,[START_REF] Waugh | Mechanisms in Homogeneous and Heterogeneous Epoxidation Catalysis[END_REF] and reactions of green organic synthesis [START_REF] Shimizu | [END_REF]. The most used method to prepare and activate this type of catalyst is very simple; it consists in impregnating the alumina support with an aqueous solution of silver nitrate, followed by a drying step and a calcination treatment in air at around 600 °C. High temperature calcination leads to the formation of highly dispersed silver species on alumina as isolated Ag d+ or Ag + species and small clusters of a few atoms, according to various studies involving techniques of characterization, such as UV-Visible spectroscopy [4][5][6][7][8], X-ray absorption spectroscopy [11,18] and NOx-temperature-programmed desorption [3,19].

Our group also selected this preparation method to study Ag/Al2O3 catalysts in the reaction of NOx reduction by propene [3,19]. Along these studies, series of samples were prepared with different silver loadings (from 0.5 to 4 wt %), and two phenomena were observed: (i) after calcination at 600 °C, the color of the samples varied from white to yellowish as the Ag loading increased; (ii) during storage of the calcined samples, their color evolved and gradually turned grey or black. Color change was faster for the more highly loaded samples and when exposed to ambient air and light (a few days) rather than when stored in air and dark (a few weeks) or under vacuum and in dark (several months). Color changes were found to be reversible after the samples were re-calcined.

It was very intriguing for us not to find report of these phenomena in the catalysis literature. This is why we decided to investigate the reasons for these color changes, thanks to several characterization techniques (UV-Visible spectroscopy, XRD, electron microscopy, XAS and photoluminescence) and a close examination of the literature data, most often found in other fields than catalysis. The main question for color darkening during storage of the calcined samples is whether these changes arise from the aggregation of Ag + species and the formation of Ag2O particles or from Ag + reduction and the formation of Ag 0 particles. In both cases, dark samples are expected since Ag2O is brown black and a precipitate of Ag 0 particles from a AgNO3 solution is black. For this reason, the paper starts with a review on the possible reasons found in the literature for color changes in Ag-containing samples, then the Ag/Al2O3 samples are characterized after calcination and after ageing. The series of Ag/Al2O3 samples investigated in the present study corresponds to those studied earlier [3,19].

Review on color changes in Ag-containing materials

In the literature, changes in sample color and evolution of the associated absorption band in UV-Visible are almost always reported in the case of samples initially containing metallic silver particles. Generally speaking, the evolution of the optical properties of metal nanoparticles (surface plasmon resonance (SPR) band) [START_REF] Cottancin | Optical Properties of Metal Clusters and Nanoparticles[END_REF] can result from the evolution of several of their features: proportion of metallic species, density, size and size distribution of metal particles, interactions/distance between particles (for instance whether they aggregate or redisperse), and/or their environment that modifies the dielectric constant around the particles (for instance, the nature of the support or a shell covering the metal particles).

Changes of size of Ag 0 particles and/or in their distances

An example illustrating the influence of particle size on the optical properties concerns Ag 0 nanoparticles introduced in wool to color it. Various colors were obtained depending on the particle size, i.e., depending on the sodium citrate concentration used to reduce the silver ions in aqueous solution [21]. The wool became (i) yellow/orange when it contained 10 to 15 nm Ag particles with a SPR band at 430 nm, (ii) red/brown with 20 nm Ag particles, isolated and aggregated, as well as larger particles, leading to a SPR band at 480 nm, (iii) brown/black when the wool contained 10 to 100 nm Ag particles, which led to an absorption band in the whole visible region.

Another example illustrating the effect of aggregation/redispersion is related to a thermochromic effect observed in materials consisting of Ag 0 particles embedded in a polystyrene matrix [22]. The color changed as a result of the reversible aggregation of 3 nm Ag particles caped with thiols. At RT, the sample was brown, and the Ag particles were aggregated because of the inter-digitation of the linear alkyl-thiolate chains stabilizing the Ag nanoparticles. In contrast, when the sample was heated at 160 °C, it turned yellow because of an increase in the inter-particle distance. The yellow sample showed a plasmon band at 430 nm, while the plasmon band of the brown sample showed an enlargement up to 750 nm due to the presence of a second component at 560 nm, resulting from the aggregation of Ag particles.

Ritzer et al. [23] showed that the phenomenon of aggregation was reversible. They reported that a sample consisting of silica sol-gel glasses doped with Ag 0 particles reversibly changed of color several times, from yellowish to darker and vice-versa, through alternate treatments in air at 600 °C and at 60 °C for 24 h or at RT for several weeks. Alternate darkening-bleaching was explained by a phenomenon of reversible aggregation-disaggregation of silver particles (70-80 nm at 60 °C at RT and 30-60 nm after treatment at 600 °C), leading to an increase-disappearance of a broad SPR absorption centered at 420 nm. The authors also reported that sample darkening occurred in ambient air whether the particles were exposed to natural light or not.

Evolution of the Ag 0 particles in air

It is well-known that silver artifacts tarnish and blacken in ambient air. This does not result from surface oxidation by O2, but from surface sulfidation by sulfur compounds present in ambient air in very low concentrations, such as H2S, OCS and SO2 [24][25][26]. Surface alteration was also found to take place on silver nanoparticles, which affects the SPR response, since the environment of the particles is modified. Such surface reactions were observed for Ag nanoparticles of different sizes (a few nm to hundreds of nm), different shapes (spheres, rods, disks), supported on various substrates (quartz slides, ITO-coated glass slides, alumina film …) and synthesized by different chemical or physical techniques [27][28][29][30][31][32]. This results in a SPR redshift or blue-shift of tenths to hundreds of nm, depending on the size and shape of the Ag particles and the duration of the exposure to air, as a consequence of two antagonist phenomena:

(i) the formation of a sulfide shell around the Ag particles, which induces a plasmon red-shift;

(ii) the shrinking of the Ag 0 particle core when the sulfide shell thickens or when the particles disrupt, which induces a plasmon blue-shift. The predominance of one or the other factor depends on the initial size of the Ag particles. For instance, for Ag 0 nanoparticles (35 nm) deposited by atomic sputtering on an Al2O3 layer [31], the SPR band intensity decreased by a factor of 14 after 12 months in ambient air, and the maximum of the SPR band shifted from 465 to 435 nm. The detection of S by XPS indicated the formation of a sulfide.

The stability of the Ag 0 nanoparticles also depends on the nature of the substrate, and surface alteration can result from oxidation and not only from sulfidation. Pelaez et al. [33] compared the behavior in air of Ag 0 particles of small sizes (1.6, 2.1 and 4.3 nm) deposited on glass and on Al2O3 film by pulsed laser deposition. In ambient air, the SPR band blue-shifted from 520 to 470 nm with Al2O3 film and from 500 to 440 nm with glass. The shifts were accompanied by a decrease in the SPR band intensity, but more rapidly on Al2O3 than on glass (70 against 20% of intensity decrease after 25 months in air) and by color changes as the samples, initially blue gray, turned yellowish in air. The Ag particles also became larger than 10 nm in both samples, and elongated 100 nm-long particles appeared on Al2O3. XPS and Auger analyses revealed the formation of a thin shell of sulfided Ag (1% S) around the Ag particles supported on glass and of a deeper layer of oxidized Ag (Ag-O) on the Ag particles on Al2O3. These differences were attributed to different metal-support interactions according to the nature of the support. The blue-shift resulting from the shell growth at the expense of the size of the metal core, compensated the small red-shift induced by the higher refractive index value of the shell than in air.

The stability of the Ag 0 nanoparticles was also reported to depend on the nature of the surrounding atmosphere, ambient air or pure O2. For instance, for Ag 0 nanoparticles supported on silica and alumina, the SPR band red-shifts were smaller and the decrease of intensity weaker when the samples were exposed to pure O2 than to air. The difference was attributed to the presence of water in air.

Moreover, recent studies have shown that much more complex compositions than silver sulfide (Ag2S) could form on metal silver plates exposed to ambient air at RT, depending on the local conditions, outdoor sites, such as marine, volcanic, rural, alpine sites and suburban sites, or indoor sites, such as showcases of museums: silver chloride (AgCl), silver oxide (AgO), silver sulfite (Ag2SO3), silver sulfate (Ag2SO4) and silver carbonate (Ag2CO3) were detected by XPS or voltammetry in larger proportion than silver sulfide and in proportion dependent on the type of ambient air [34][35][36]. The formation of a basic carbonate (AgOHAg2CO3) was also detected by in situ coupled IRRAS/QCM technique on polycrystalline silver prepared by physical vapor deposition on quartz and exposed to synthetic air containing CO2 (125-1000 ppm) and water (50 and 90% of relative humidity), under or without UV irradiation [37] Additional ex situ TOF-SIMS measurements revealed the presence of three products on the Ag surface, Ag2CO3, Ag2O and AgOH, the 3-dimensional distribution of which was dependent on the experimental conditions. It turns out that the presence of water in air is of prime importance. Several other papers also reported that both sulfidation and oxidation require humidity to take place [38][39][40][41].

Experimental

Catalyst preparation

The g-Al2O3 support (Procatalyse, 180 m 2 /g) was ground and sieved, and the fraction between 200 and 315 µm was used to prepare the Ag samples. As mentioned in the introduction section, Ag deposition was performed by incipient wetness impregnation of the Al2O3 support with aqueous solutions of AgNO3 (Aldrich, purity >99 %) (0.7 cm 3 /gAl2O3) with different concentrations to achieve silver loadings from 0.5 to 4 wt%. After impregnation, the samples were aged for 4 h in ambient air then dried overnight at 100 °C in air. Finally, they were calcined at 600 °C for 4 h in a muffle furnace after a 3 °C/min heating ramp. The samples were denoted Ag(x)/Al2O3, where x represents the silver loading expressed in wt%. Just after impregnation and calcination, the samples were noted "calcined samples". After aging in conditions described later, they were re-calcined under the same conditions as the first calcination treatment.

Characterization techniques

The silver loadings were determined by inductively-coupled plasma atomic emission spectroscopy (ICP-AES, Crealins -Solaize).

The diffuse reflectance ultraviolet-visible spectra of the Ag/Al2O3 samples were collected on a Varian Cary 5000 spectrophotometer at RT and in ambient air, from 200 to 600 nm, using the calcined Al2O3 support as the reference background. Measurements were carried out on samples, calcined, aged for different durations, after re-calcination at 600 °C and also after reduction at 550 °C (3 °C min -1 , under 20 % H2 in He (100 mLNTP min -1 ), 2 h at 550 °C) or after NOx Temperature-Programmed Desorption experiments (NOx-TPD) in the same conditions as those reported in [3,42]. Briefly, after NOx adsorption under a gas mixture containing 385 ppm NO and 8% O2 in He (230 mLNTP min -1 ), the samples were heated from RT to 550 °C (3 °C min -1 ) under 8% O2 in He.

Transmission Electron Microscopy (TEM) was performed at the Plateform of Electron Microscopy of the Institut des Matériaux de Paris Centre of Sorbonne Université. Bright field TEM images were obtained with a JEOL 2010+ microscope operating at 200 kV and equipped with an Orius CCD camera (Gatan), while HRTEM and energy dispersive X-ray spectroscopy (X-EDS) characterizations were performed using a JEOL 2100+ microscope equipped with SDD detector (Oxford X-max) for X-EDS and an Orius CCD camera (Gatan). In addition, aberration-corrected scanning transmission electron microscopy (STEM) imaging was also carried out on the Ag(2.6)/Al2O3 sample at the University Paris Diderot, using a JEOL ARM 200F microscope, operating at 200 kV and fitted with a high angle annular dark field (HAADF) detector. Sample preparation for TEM observations consisted of the direct deposition of the dry powder after grinding, onto amorphous carbon-coated copper TEM grids. Indeed, powder dispersion in ethanol is known to induce severe sintering of the Ag particles [43].

XRD measurements were carried out from 10 to 80° by step of 0.01° using a theta-theta D8 Advance (Bruker) powder diffractometer with Cu-Ka radiation source (0.154 nm) operating at 30 kV and 30 mA, and equipped with a 1D LynxEye detector set to a 3° opening.

Photoluminescence spectra were recorded using a spectrofluorophotometer Horiba Fluorolog 3 equipped with a 450 W Xe lamp as an excitation source, and a UV filter to cut the excitation light below 295 nm. The excitation and emission bandwith were set to 5 and 2 nm, respectively, and the acquisition time was 3s/nm. The emission photoluminescence spectra were obtained for the excitation wavelength at 280 nm. The spectra were recorded at around 10 K using liquid helium after sample outgassing (10 -6 -10 -7 Torr) overnight at RT under dynamic vacuum.

XAS measurements were conducted at the Ag K edge (25514 eV) at the ROCK beamline of the SOLEIL synchrotron using a monochromator equipped with a Si(220) channelcut crystal. Ag/Al2O3 samples as well as reference samples (AgNO3 and Ag2O) were diluted with boron nitride and pressed as pellets. They were analyzed at room temperature in the transmission mode, and with an Ag metal foil used as standard for energy calibration at 25514 eV. Spectra extraction and analyses were carried out with the IFEFFIT library provided by the Demeter package with softwares Athena and Artemis [44]. EXAFS spectra were extracted in Athena with Rbkg = 1.4 cut-off and k weight = 3. Fourier-transformed (FT) EXAFS spectra were obtained with a Hanning window in k 3 (k = 3.3 -9.0) with a dk = 1.0. EXAFS fitting was done with Artemis using the amplitude reduction factor (S 2 0) of 0.821, as determined by EXAFS fitting of the Ag metal foil. The scattering paths for Ag-O and Ag-Ag were obtained by simulation with the ATOMS algorithm with input files of the crystal structures of Ag2O (Ag-O) and Ag metal (Ag-Ag). EXAFS parameters were calculated by FT-k 3 least-square fitting.

The goodness of fit was determined by observing the reduced χ 2 and R 2 statistical parameters.

Results and Discussion

Basic characterizations

Color changes

As mentioned in the introduction section, the color of the calcined Ag/Al2O3 samples depends on the silver loading and the duration and conditions of storage. The calcined Ag(0.5 to 1.8)/Al2O3 samples were white while the Ag(2.2 to 4.1)/Al2O3 ones were slightly yellowish (Column A in Table 1). Column B in Table 1 shows examples of color evolution after the samples were kept in vials in air and in dark for 12 months: black grains appeared in the samples, and the whole color darkened. Color evolution was faster when the samples were stored in vials exposed to light and air, and much slower when they were stored under vacuum and in dark. It also depended on the Ag loading, the higher the Ag loading, the faster the color evolution. For instance, the Ag(3)/Al2O3 sample, yellowish after calcination, turned black after around one week in air and light or after a month in air and dark, but was still yellow after 5 days in vacuum and dark, and did not turn completely black after extra two years. The color of the aged Ag/Al2O3 samples almost changed back to their original color (Column C in Table 1) when they were subjected to a re-calcination treatment. One can note that after a reduction treatment at 550 °C under H2 (20% in He) for 2 h, the reduced samples were uniformly brown.

To understand the origin of the color changes and identify the oxidation states of silver, the samples were first characterized by UV-visible spectroscopy, electron microscopy and X-ray diffraction, then by photoluminescence and XAS. TPR-TPO and XPS were found to be useless for this study (SupInf1). 

UV-visible spectroscopy

Figure 1A shows the UV-visible spectra of a series of calcined samples (white to yellowish according to Table 1). All of the spectra look roughly similar, and exhibit three bands at 210, 240 and 350 nm, and the overall intensity of the spectrum increases with the Ag loading. The UV-visible spectra (Figure 1B) of the 12 month-aged Ag/Al2O3 catalysts (grey/black, column B in Table 1) still show the two bands at 210 and 240 nm, but they are less resolved and relatively less intense than in Figure 1A. They also show a band at 300 nm and a broad and flat absorption band between 320-350 nm and 600 nm due to sample darkening. An exception is the sample with the lowest loading, Ag(0.5)/Al2O3, whose color remained lighter, and the spectrum showed instead a low intense band with a maximum at 420 nm. The UV-visible spectra in Figure 1C of the Ag/Al2O3 samples aged for 12 months then re-calcined at 600 °C again show the three bands at 210, 240 and 350 nm and an overall absorption slightly higher than for the freshly calcined samples (Figure 1A), which is consistent with the fact that the colors of both series of samples are almost the same (Table 1), and which indicates that the process of aging is reversible. As mentioned above, the spectra of the calcined (spectrum a) and of the 12 month-aged sample re-calcined at 600 °C (spectrum d) look similar in shape. Interestingly, when the aged sample was treated under the conditions of NOx-TPD (see Section 3.2), it turned perfectly white, and did not show any band at 350 nm, and the band at 240 nm was clearly more intense (spectrum e). For comparison, the sample reduced at 550 °C under H2, which had a brown color as mentioned above, showed a broad band at around 420 nm (spectrum f). 

X-ray diffraction and Electron microscopy

Calcined, reduced and aged Ag(2.6)/Al2O3 samples were examined by XRD (Figure 3).

After calcination, reduction and ageing (Figure 3b,c,d), no other peak than those of alumina (Figure 3a) could be observed. For the calcined sample, this is not surprising since Ag was expected to be highly dispersed on alumina [11,18]. In the case of the reduced sample, the absence of Ag 0 peaks could mean that the Ag 0 particles are very small. However, the three most intense peaks of Ag 0 expected at 38.1, 44.3 and 64.4° (JCPDS 65-2871) and the main peak of Ag2O expected at 32.8° (JCPDS 41-1104, I =100), could be present but masked by the intense peaks of alumina in the diffractograms of the reduced and the calcined samples, respectively. Aged samples with higher loadings (3.5 and 4.1%) showed additional thin peaks (Figure 3e,f) forming two sets of three peaks, set 1 at 32.8, 33.9 (higher) and 34.4° (shoulder), and set 2 of lower intensity at smaller angles, 18.8, 19.6 (higher) and 20.8° as well as very small peaks at 49.0 and 51.6°. These peaks do not match with the diffraction patterns of Ag 0 , and only the peak at 32.8° is at a position close to the main one of Ag2O (Table 2). The peak positions were then compared to the most intense ones of several Ag compounds (Table 2). Part of the peaks of Ag2S could match with those of the more intense set of three peaks (set 2). The other ones of Ag2S could be hidden by the broad and intense peaks of alumina. However, the rather intense peak of Ag2S at 28.9° does not match at all, and no peak correspond to those of set 1. Moreover, no sulfur could be detected in our samples by XPS (see SupInf1) and X-EDS (see SupInf4), so the formation of Ag2S during ageing can be discarded. Some peaks of AgO could match with two peaks of set 2 but not with the strongest one, and anyway, AgO is known to be unstable (see Equation 1 in Section 4.4). The best match was obtained with silver carbonates. Ag2CO3 exists under three structures: monoclinic, hexagonal a-phase and hexagonal b-phase. Table 2 shows that the two sets of three peaks could correspond to a mixture of monoclinic and hexagonal a-Ag2CO3, but the presence of hexagonal b-Ag2CO3 peaks cannot be formally excluded. In addition, the peaks of these Ag2CO3 structures match the tiny peaks observed at around 50-55° (Figure 3). We also checked that none of the peaks of the two sets match with the most intense ones of other silver compounds, such as AgCl, Ag2SO4, Ag2SO3 and silver aluminate (see SupInf2). The Ag(2.6)/Al2O3 samples, freshly calcined, aged, reduced and re-calcined after aging, were also examined by electron microscopy. No particles other than those of alumina could be observed in the calcined and in the re-calcined samples. Small Ag particles were observed in the reduced one (Figure 4A) with an average size of 3.7 nm (size distribution in SupInf3). In the case of the aged sample, silver particles could be observed by TEM, forming both silver aggregates of 30-50 nm (Figure 4Ba) as confirmed by X-EDS measurements (see SupInf4), and small particles (Figure 4Bb) of 2.3 nm (size distribution in SupInf3). Again, the absence of Ag particles on alumina in the calcined sample is not surprising since Ag is expected to be highly dispersed on such a sample. Re-calcination confirmed that the ageing process was reversible.

HRTEM was performed on silver nanoparticles (NPs) and aggregates in the aged sample to evaluate the inter-reticular distances from the lattice fringe spacings and to deduce the nature of the Ag species. It was difficult to find crystal planes on nanoparticles and aggregates of Ag(2.6)/Al2O3: nanoparticles were very small and aggregates were polycrystalline with various thicknesses and orientations. However, a significant number of measurements could be done on aggregates in the aged Ag These first characterizations lead to the conclusion that the ageing process induces the formation and growth of Ag 0 aggregates and nanoparticles, the sizes of which are larger than those formed during thermal reduction, but that silver carbonates are also present in the highly loaded samples. Before going further in the study of the ageing process, it is important to have a clear view of the state of the Ag/Al2O3 samples after calcination. 

Ag species in the calcined Ag/Al2O3 samples

There is a general agreement in the literature for assigning the two weak absorption bands at around 210 and 230-240 nm in the UV-visible spectra of the samples calcined at 600 °C (Figure 1A) to isolated Ag + ions [4,[6][7][8]45]. This attribution is based on the seminal paper of Texter et al. [46] who reported the UV-visible spectra of aqueous solutions of several kinds of silver salts. Other papers reporting the same type of spectra for Ag/Al2O3 samples as those shown in Figure 1A are summarized in Table 3.

The broad band centered at 350 nm absorbing in the violet range is responsible for the yellowish color of the samples, and for the stronger coloration of the highly loaded samples. This band is however also present in the Ag(1.8)/Al2O3 sample that appears white in Figure 1A. The attribution of this band at 350 nm is discussed below. Let us remind first that the yellowish sample Ag(2.6)/Al2O3 turned white after NOx-TPD up to 550 °C, and that the UVvisible spectrum did not show the band at 350 nm any longer, but an increase in intensity of the band around 240 nm (Figure 2a ande). UV-visible spectra similar to that shown in Figure 2e were reported by Richter et al. [7] for 1 and 5% Ag/Al2O3 after in situ calcination at 500 °C and by Bethke et al. [4] for 2 and 6% Ag/Al2O3 after calcination at 700 °C (Table 3). Bethke et al. mentioned in their paper that the samples were white, and that no Ag peak was detected by XRD. The general conclusion of these two papers was that the calcined Ag/Al2O3 catalysts contained isolated Ag + ions (200-230 nm), but also small Ag2O particles whose presence was attested by TPR [4,47]; note that Ag2O was claimed as UV-visible silent [48]. To our knowledge, only Aneggi et al. [49] could detect Ag2O (10-20 nm) and Ag 0 particles by HRTEM in samples of silver supported on Al2O3 samples, but their TEM grids were prepared from a sonicated suspension of the samples in ethanol and, as mentioned in section Experimental, such a type of grid preparation induces severe enlargement of silver particles [43].

Table 3: UV-Visible absorption bands and assignments of various Ag/Al2O3 samples prepared by impregnation with AgNO3 followed by calcination and by reduction 360 nm [12].

If one carefully examines the origin of the band assignments in these papers, one can note that they arise from (i) a series of papers published in 1986-1996 by Davydov and coll.

(mostly in Russian) on Ag supported on various oxides [48,53], (ii) papers studying the formation of Agn clusters in solid Ar matrices at low temperature [54,55] and in zeolites [56], and (iii) papers published in the 80-90 ths , which investigated the formation of Ag colloids in liquid phase from Ag + reduction by radiolysis under g-irradiation [57][58][59][60]. Among them, the paper by Henglein and coll. [60] reported that Ag2 + gave absorption bands at 265 and 310 nm, Ag4 2+ gave a band at 280 nm, three other unidentified clusters gave bands at 330, 330 and 345 nm, Ag8 + gave bands at 290 and 325 nm, Agn + with n<10 a band at 360 nm, whereas Ag 0 NPs gave a band at 380 nm. All the interpretations concerning the band at ~350 nm converge to the conclusion that it is related to the presence of Agn clusters. Whether the Agn clusters are neutral (Agn 0 ) or slightly positively charged (Agn d+ ) probably depends on the interaction between the Ag cluster and the support, i.e., on possible charge transfer. In addition, this band is the result of the phenomenon of surface plasmon resonance (SPR) of these small clusters. Indeed, for silver, and in contrast with gold, even tiny Ag particles [START_REF] Cottancin | Optical Properties of Metal Clusters and Nanoparticles[END_REF] or clusters of less than 20 atoms, whether they are neutral [61] or ionic [62], generate surface plasmon resonance like much larger metallic Ag particles. Ag 0 nanoparticles smaller than 10 nm, such as silver colloids in water, are yellow, and exhibit a SPR absorption band at around 400 nm [63][64][65]. A yellow color has also been reported for Ag 0 particles interacting with a support [22,65,66]. Since no Ag particles are detected by XRD or TEM in our calcined samples, this means that they are smaller than 1 nm (i.e., containing less than 50 atoms). Accordingly, Pal and De [65] could not observe either any nanoparticles in a yellow Ag/porous silica film calcined in air at 450 °C. Hence, the band at 350 nm and the yellow color of our samples can result from the SPR of Agn clusters, neutral or slightly positively charged and containing a small number of Ag atoms. This assignment is also consistent with the fact that when the samples were submitted to a NOx-TPD experiment, i.e., to NO and NO2 which are more oxidizing gas than O2, the band at 350 nm disappeared, while the band at 240 nm attributed to Ag + was more intense than after calcination (Figure 2) and the samples turned white because Ag was present only as isolated Ag + species.

The small band at 300 nm observed only in the UV-Visible spectra of the aged samples (Figure 1B), but which could have been hidden by the band at 350 nm in the calcined (Figure 1A) or in the re-calcined samples (Figure 1C), can be tentatively attributed to Agn d+ clusters if one refers to a paper of Sadokhina et al. [12]. These authors assigned the presence of a band at 305 nm (not always clearly visible in a set of calcined Ag/Al2O3 samples with 0.25 to 5 % Ag) to Agn d+ clusters of smaller size than the Agn 0 clusters associated to a band at 360 nm.

Hence, after calcination, the Ag species present on the alumina support are isolated Ag + ions, associated to the UV bands at 210-230 nm, and Agn clusters, associated to the SPR band at ~350 nm (these clusters are Agn 0 or Agn d+ , but for the sake of simplicity, they are called Agn clusters in the following).

The formation of silver aluminate during Ag/Al2O3 calcination was evoked in a few papers, but was not experimentally proven [7,8,45], except indirectly in the paper of Bogdanchikova et al. [6]. Using a phase refinement procedure, the authors were able to extract the XRD pattern of AgAl11O17 from that of alumina in a 10% Ag/gAl2O3 sample calcined at 630 °C. However, silver aluminate usually forms under much more severe conditions, at 800 °C under 10% of H2O in air for a 2% Ag/Al2O3 sample [67] or at 850 °C in air for a 22% Ag/Al2O3 sample [10]. Thus, we think that its presence can be discarded in our samples.

One can wonder why all silver did not remain in the oxidation state +1 (i.e., in oxidized state) during calcination and why Agn clusters formed. It is known that bulk Ag2O decomposes into Ag 0 in air at around 200 °C [START_REF] Weast | CRC Handbook of Chemistry and Physics[END_REF], and also that supported Ag2O nanoparticles or Ag + ions are more stable and decompose at higher temperatures. For instance, in a 5% Ag/Al2O3 sample, Ag 0 and Ag2O were detected by XRD after calcination at 500 °C, and only Ag 0 after calcination at 850 °C [49]. Cai and coll. [START_REF] Bi | [END_REF] reported that in 0.12 to 2.4% Ag/SiO2 samples, no SPR band was observed in UV-Visible spectra after calcination in air at 500 °C, whereas a SPR at 420 nm was observed after calcination at 700 °C, but of much weaker intensity than in a sample reduced in H2 at 500 °C. Their conclusion was that the smaller the Ag2O particles, the higher the decomposition temperature in air into Ag 0 . Coming back to the present Ag/Al2O3 samples, one can anticipate that all the Ag + species cannot atomically disperse during calcination [3,19], and that small oxidized entities form during calcination, especially as the Ag loading increased, but the calcination temperature of 600 °C is high enough to make them unstable and reduce them as Agn clusters, leading to the SPR absorption band observed at 350 nm (Figure 1A).

It is also interesting to note that the nature of the Ag species also depends on the conditions of calcination, i.e., whether calcination was performed in a muffle furnace under static air [49] or under air or O2 flow [4]. The speciation also depends on the presence of water in the sample and in the calcination gas. The presence of water on alumina support was shown to favor the formation of hydroxylated Ag species, which was more easily reducible than Ag2O [7]. Cai and coll. [70] showed that a treatment at 500 °C of 0.08 to 0.44% Ag/SiO2 under water vapor favored the reduction of Ag + into Ag 0 and the formation of a SPR band at around 400 nm, whereas a treatment in dry air at 500 °C did not lead to any SPR band. The nature of the Ag species also depends on the nature of the support. Bethke and Kung [4] reported that a 6% Ag/Al2O3 sample calcined at 700 °C was white and did not show any SPR band while a 6% Ag/SiO2 sample was beige and showed XRD peaks of Ag 0 which confirmed that Ag is much better dispersed on alumina than on silica after calcination [48].

Comparison with the reduced Ag/Al2O3 samples

As mentioned above, Ag(2.6)/Al2O3, reduced under H2 at 550 °C became brown, and the SPR band at 420 nm was much stronger and broader (full width at half maximum (FWHM) ~350 nm) (Figure 2f) than that of the calcined samples (350 nm and FWHM ~90 nm (Figures 1 and2a). The color compares well with the rust color reported by Bethke et al. [4] for both 2 and 6% Ag/Al2O3 samples reduced up to 700 °C, although the SPR band was at 400 nm (Table 3) and Ag 0 was detected by XRD. Richter et al. [7] also reported a SPR band around 400 nm when 1 and 5% Ag/Al2O3 samples calcined at 500 °C were afterwards in situ reduced up to 550 °C (Table 3). The SPR bands, which appeared at 100 °C for the 5% Ag and at 300 °C for the 1% Ag samples, were proposed to arise from the reduction of Ag2O particles, which were larger in the calcined 5% Ag sample than in the 1% Ag one and therefore easier to reduce. Other results from the literature, listed in Table 3, also pointed out a band at around 400 nm due to the SPR of Ag 0 nanoparticles in Ag/Al2O3 samples thermally reduced in H2.

Reversibility of the Ag + /Ag 0 redox phenomenon

Some authors reported the disappearance of the SPR band and the re-oxidation of metallic silver into oxidized silver species and vice-versa, i.e., a reversible Ag + /Ag 0 redox phenomenon, when alternate oxidation/reduction treatments were performed [7,45,65,[START_REF] Bi | [END_REF] . Keshavaraja et al. [45] showed that the re-calcination of 1.5% Ag/Al2O3 at temperature higher than 300 °C led to the disappearance of the SPR band and to the reappearance of a band at 260-350 nm, associated to the reoxidation and redispersion of metallic silver onto the support. These authors also reported the reversibility of the Ag + /Ag 0 oxidation states in redox cycles. Richter et al. [7] also observed this phenomenon by in situ UV-visible spectroscopy during cycles of reduction and calcination of 1% Ag/Al2O3 from RT to 550 °C. The same phenomenon was observed for Ag/SiO2: Pal and De [65] reported that Ag/SiO2 sample color alternatively changed between yellow (SPR band at 407 nm) after treatment at 450 °C in H2-N2 and white (sample bleaching) after treatment at 450 °C in air, and Cai and coll. [START_REF] Bi | [END_REF], added that the SPR absorption was dependent on the Ag loading and on the Ag particle size for a series of 0.12 to 2.4% Ag/SiO2 samples.

The difference in color, SPR band position and band width after reduction between reduced and calcined Ag/Al2O3 samples can be explained by the fact that the Ag 0 particles are larger after reduction (3.7 nm in average, Figures 4A andS1A) than after calcination (Agn clusters not visible by TEM). Indeed, a SPR red-shift, such as the one from 350 to 420 nm, is expected when the particle size increases [START_REF] Cottancin | Optical Properties of Metal Clusters and Nanoparticles[END_REF]21,71], and a band broadening, such as the one from 90 to 350 nm, is expected when the size distribution increases, and/or when the particles interact with each other when their density increases [START_REF] Cottancin | Optical Properties of Metal Clusters and Nanoparticles[END_REF]22]. The weaker and narrrower absorption band of the calcined sample, i.e, the smaller surface area of the band, is an indication of a lower proportion of Ag involved in the Agn clusters of the calcined sample than in the Ag 0 particles after reduction, confirming that a large fraction of Ag in the calcined samples is present as isolated Ag + species.

Ageing of the calcined Ag/Al2O3 catalysts

Now, one can focus on the phenomenon of ageing of the calcined Ag/Al2O3 catalysts, i.e., on the possible reasons for the evolution of the color of the samples with time, from whiteyellowish to gray-black (Table 1) and for the evolution of the Ag plasmon band: higher intensity, red-shift and broadening in the whole visible range (Figure 1B). To complement the data of XRD and electron microscopy, photoluminescence and XAS characterizations were also performed. The evolution of the silver state between aged and re-calcined samples were investigated through these two techniques since re-calcination provides samples in a state close to that of samples calcined just after preparation according to color and UV-visible spectra (Table 1 and Figure 1).

Photoluminescence

Photoluminescence is a the technique of choice to detect oxidized isolated or clustered Ag species in a matrix or onto a support [72][73][74][75][76] since metallic silver does not emit photoluminescence. The literature essentially reports on photoluminescence studies of Ag + in matrices, such as silica glasses [72][73][74][75]. Only a few works deal with supported Ag materials, and no papers on Ag/Al2O3 could be found, the closest ones are about Ag in ZSM-5 zeolites studied by Anpo and coll. [76][77][78]. Hence, experiments of photoluminescence were carried out on the aged Ag(2.6)/Al2O3 sample and compared to the same sample after re-calcination at 600 °C. The experimental conditions for the photoluminescence study were close to those used by Anpo and coll., i.e., the samples were first evacuated under high vacuum at RT to eliminate adsorbed water and oxygen and avoid Ag + reduction. The emission spectra were recorded at around 10 K, with an excitation wavelength at 280 nm (see section Experimental). Figure 5 shows the emission spectra of Ag(2.6)/Al2O3 aged (spectrum a) and re-calcined (spectrum b) and those of the alumina support used as reference, as such (spectrum c) and after calcination at 600 °C (spectrum d). The four spectra show thin peaks in addition to the broad emission band between 350 and 600 nm, especially intense for the Ag/Al2O3 samples. The thin peak at 560 nm corresponds to the second harmonic of the excitation spectrum while the other thin peaks at 367, 373 and the broader one at 382 nm are probably due to impurities contained into the alumina. We could check that they cannot be due to iron impurities as the Fe emission is expected at wavelength higher than 600 nm [79].

The emission spectra in the 350-600 nm range are much less intense for the alumina support than those of the Ag(2.6)/Al2O3 samples, aged and re-calcined, respectively, indicating that the strong emission centered at 450 nm of the Ag(2.6)/Al2O3 sample results from the presence of oxidized Ag species. The comparison of the intensities of spectra a and b also shows that Ag(2.6)/Al2O3 contained much more oxidized Ag species after re-calcination than in the aged one. One can therefore infer that the re-calcination of Ag(2.6)/Al2O3 increases the amount of highly dispersed Ag + species and/or of positively charged Agn clusters. A contrario, this means that the ageing process reduces their amount because of silver reduction. 

XAS

As for photoluminescence, the XAS experiments at the Ag K-edge were conducted on the aged and re-calcined Ag(2.6)/Al2O3 samples. Additional information can be found in Table 4 and SupInf4.

Figure 6A shows the XANES spectra of the two samples along with those of the Ag-foil, AgNO3 and Ag2O references. The AgNO3 spectrum shows a small edge shift of +2.8 eV and a stronger white line intensity compared to the Ag-foil and Ag2O references (both presenting the same edge at 25514 eV). The XANES spectra of aged Ag(2.6)/Al2O3 and re-calcined Ag(2.6)/Al2O3 are roughly similar, and look "intermediate" between those of AgNO3 and Agfoil. However, the one of the re-calcined sample shows a slightly stronger white line intensity and a small edge shift of +0.4 eV (25515.7 eV for the aged compared to 25516.1 eV for the recalcined sample), suggesting the presence of a higher proportion of Ag + after calcination.

The Fourier-transforms of the EXAFS signals (Figure 6B) reveal two types of Ag neighbors in both the aged and the re-calcined Ag(2.6)/Al2O3 samples: one in the 1-2 Å region and one in the 2-3 Å region. One can note that the relative intensity of the two peaks is different according to the sample, with a relatively more intense second peak for the aged sample. In addition, the first peak of the aged sample is shifted to slightly larger distance. EXAFS fitting (see also SupInf6) indicates that the first peak is due to the contribution of two backscattering paths, the Ag-O path with a small contribution due to Ag-Ag path while the second peak is solely comprised of one Ag-Ag backscattering path characteristic of Ag 0 .

From the Fourier-transforms of the EXAFS signals (Figure 6B) and the EXAFS parameters obtained by EXAFS fitting (Table 4), one can propose that the two samples contain two types of Ag species:

-Ag + species, since the first peak mainly fits with Ag-O backscattering with distances of 2.26 Å for the aged sample and 2.27 Å for the re-calcined one. This distance is intermediate between those of Ag-O in Ag2O (2.048 Å) and AgAlO2 (2.354 Å) (SupInf6), and could correspond to Ag-O bonds of Ag-O-Al species. The small number of oxygen neighbors, close to 1 for both Ag(2.6)/Al2O3 samples, suggests that the Ag + species are highly dispersed on the alumina support in the form of single atoms or small clusters.

-Ag 0 species since the second peak fits with Ag-Ag backscattering distances of 2.84 and 2.81 Å for the aged and the re-calcined samples, respectively, which are closer to those of bulk silver metal (2.889 Å) than to those in Ag2O (3.345 Å) and AgAlO2 (3.214 Å) (SupInf6). The small number of Ag neighbors (3 and 2 for the aged and the re-calcined samples, respectively) indicates the presence of very small Ag particles in both samples. The smaller Ag-Ag distance compared to that of bulk silver likely results from the small size of the particles. Similar contraction of the metal-metal distance compared to bulk has been observed in several cases of supported Ag samples after reduction [START_REF] Shimizu | [END_REF]18,80]. It can be mentioned that in the case of Au nanoparticles, a direct correlation was established between the size of the Au 0 particles and the extent of the contraction of the Au-Au distances [81].

The XAS results obtained for the re-calcined sample are not very different from those of the literature obtained for various freshly calcined Ag/Al2O3 samples of close Ag loadings (Table 4): most works report Ag-Ag contributions with low coordination numbers and comparable distances.

The slightly larger number of Ag neighbors and smaller number of O neighbors in the aged sample than in the re-calcined sample indicate the presence of larger Ag 0 particles. This is consistent with the relatively larger contribution of the Ag-Ag component for the aged sample (Figure 6B), i.e., the presence of a higher proportion of Ag 0 in the sample, due to the reduction of part of Ag + species into Ag 0 during aging. Note that the presence of a smaller number of Ag neighbors in the re-calcined sample than in the aged sample is consistent with the presence of small Agn clusters already attested by the presence of the UV band at 350 nm in Figure 1C.

One cannot observe substantial increase in the peak intensity of the Ag-O contribution of the re-calcined sample (Figure 6B) with respect to the aged one (Figure 6A), even though there is a two-fold increase in the Ag-O coordination number, from 0.6 to 1.2. This is due to the simultaneous increase in the Debye-Waller factor, revealing that the redispersion of the silver atoms introduces some disorder in the system. What is more puzzling is why the number of Ag neighbors remains small in the aged sample and much smaller than the values expected considering the size of the Ag particles measured by TEM. Since the number of Ag neighbors determined by EXAFS is an average value, an explanation could be that Ag 0 particles coexist with Agn clusters and that their proportion is low and contribute to only a small increase in the number of Ag neighbors. The quantitative results must be anyway considered with care since the X-ray beam of third generation synchrotron may have an impact on the samples, participating to the reduction of Ag + in the aged and re-calcined samples. The important result brought by these XAS experiments is that it supports the photoluminescence results indicating the formation of Ag 0 during ageing. 

Discussion on the mechanism of Ag/Al2O3 ageing

At this step, we know that the calcined Ag/Al2O3 samples contain isolated Ag + ions and Agn clusters (<1 nm), responsible for the yellowish color in the most highly loaded samples, that the aged samples contain Ag 0 aggregates and nanoparticles, and that less Ag + and more Ag 0 are present in the aged samples than in the calcined ones, according to photoluminescence and XAS. Hence, these results indicate the reduction of Ag + into Ag 0 and the formation of Ag 0 particles during ageing; the ageing process is all the more efficient and faster that the samples are exposed to ambient air and light, and that the Ag loading is high.

The review reported at the beginning of the paper focused on the possible reasons for changes in the optical properties of materials containing metallic Ag 0 particles. However, the ageing process of Ag/Al2O3 samples must also include a step of reduction of Ag + species initially present in the calcined samples.

The literature data gathered in this review showed that some Ag + -containing compounds are intrinsically photo-sensitive and do not require a semiconducting oxide support to reduce under ambient air. Ag2O is a p-type semiconducting oxide of brown color with a bandgap of ~1.3 eV (955 nm), and it is photo-sensitive and unstable under light exposure: it decomposes into Ag 0 through the intermediate formation of AgO (in fact, an oxide described as a mixture of Ag2O and Ag3O2), which is also unstable at ambient temperature, and readily photo-reduces into metallic Ag and O2:

Ag2O → AgO + Ag AgO → Ag + 1/2 O2 (Equation 1)
Ag + in silver halide is also photo-sensitive, and reduces into Ag 0 ; this reaction is at the origin of the formation of the latent image in silver photography [82]. Ag + dispersed on TiO2 films can also photo-reduce into Ag 0 particles, but TiO2 can also be involved in the reaction [83].

Ag + auto-reduction has also been reported in the literature. One example concerns Ag + auto-reduction of AgNaA-zeolites during TPD [84]. As the TPD proceeded, the sample initially white, turned to deep yellow, then red, and released oxygen. The overall stoichiometry of the reaction was proposed to be:

2(Ag + ZO -) -> 1/2O2 + Ag2 0 + ZO -+ Z + ,
where ZO -represents the zeolite lattice and Z + a Lewis acid site. Ag + auto-reduction was also found to occur at the surface of hydroxyapatites (Hap) when a AgSO4 solution (colorless) was put in contact with HAp [85]; depending on the Ag concentration, the suspension turned pale yellow or purple.

One can therefore propose that auto-reduction occurs during the ageing process of the Ag/Al2O3 samples. In addition to auto-reduction, a mechanism of photo-reduction can certainly also occur. For instance, after the UV-Visible and XRD experiments, the beam impact let a darker spot at the surface of the samples squeezed in their sample holders; this was especially visible on calcined samples because of their pale color. XAS is also suspected to induce Ag + reduction. The fact that sample darkening also occurred when the samples were stored in a desiccator in dark, but less rapidly than in ambient air, is attributed to auto-reduction, but one cannot discard the fact that the samples had been exposed to air and light during a short period after calcination and before storage, which may have initiated phot-reduction.

Hence, one can proposed that the first step of the ageing process of the Ag/Al2O3

samples is a gradual photo-and/or auto-reduction of Ag + species into Ag 0 , followed by the growth of Ag 0 particles. Since the ageing process was all the more efficient that the Ag loading was high, it is possible that the reduction of Ag + was facilitated by the presence of the Agn clusters, that could act as nucleation sites for the growth of Ag Finally, a third ageing step must be considered because once the Ag 0 particles were formed, their surface could be altered as reported in Section 2.2 for bulk silver artifacts and Ag 0 particles in contact with ambient air. According to Pelaez et al. [33], Ag 0 particles on alumina preferentially react with O2 in the presence of humidity rather than with S-compounds in air; this could explain why sulfur was not detected in our samples by XPS and X-EDS, however AgOx was not detected either. In contrast, formation of silver carbonates was attested by XRD and only on samples with rather high Ag loadings (3.5 and 4.1 %) (Figure 3). Although their presence was unexpected since according to literature, silver carbonates were detected only in very specific atmospheres (in high altitude with enhanced UV light [36] or under humid O2 in the presence or absence of UV light [37]), one must postulate that their presence is the result of sample alteration. However, one cannot affirm that they are located on Ag 0 particle surfaces. Indeed, it is difficult to conceive that a surface layer of carbonates could be detected by XRD, whereas the Ag 0 core of the particles are not detected; moreover silver carbonates were not either detected on the aggregates analyzed by HRTEM. Note that by X-EDS, it is not possible to discriminate carbon of silver carbonate from carbon of the carbon membrane of the copper grid and from the carbon of contamination generated under beam exposure.

Conclusion

This work addressed the issue of the color of calcined Ag/Al2O3 catalysts which depends on the Ag loading and that of their further color evolution when the samples are stored in ambient air or in a desiccator and in dark. The calcined samples were initially white or yellowish depending on the Ag loading. On the basis of literature data and a characterization study involving several techniques, the conclusion is that the freshly calcined Ag/Al2O3 samples contain isolated Ag + species (UV bands at 210 and 230 nm) and Agn clusters (<1 nm, neutral or slightly positively charged) whose proportion increases with the Ag loading; the presence of these clusters is responsible for the plasmon band at ~350 nm and for the yellowish color of the Ag/Al2O3 samples containing more than 2 % Ag. These results can be used to complete a scheme proposed earlier in our catalytic study on C3H6-SCR of NOx [3,19] using the same Ag/Al2O3 samples. The NOx-TPD method developed by Thomas and coll. [42] was used to evaluate the Ag dispersion of the same series of calcined Ag/Al2O3 samples (NOx species adsorb only onto the alumina support). The plateau of NOx uptake observed for the Ag loadings larger than 2 % (Figure 7) can now be attributed more specifically to the presence of Agn clusters and not to Ag2O clusters as anticipated earlier.

The calcined Ag/Al2O3 catalysts gradually turned gray/black during storage with a rate that depended on whether the samples were stored in air or under vacuum, in the absence of light or not. The color changes were accompanied by a red-shift, broadening and increasing intensity of the plasmon band, and the most highly loaded samples darkened faster. This ageing process was discussed on the basis of the results of characterization of aged samples and of data of the literature. Sample darkening during ageing was correlated with a modification of the nature of the Ag phase, i.e., with the reduction of Ag + species accompanied by Ag migration and the formation of Ag 0 particles and aggregates. The Agn clusters, already present after calcination, may act as nucleation sites for the growth of Ag 0 particles. For sample aging in air and light, photo-reduction may occur in addition to auto-reduction and for ageing in vacuum and in dark, auto-reduction is certainly the main reduction mechanism.

Finally, it can be anticipated that the absence of reports concerning ageing of supported Ag catalysts results from the fact that the ageing process is reversible; when a re-calcination treatment is applied, the catalyst recovers its initial color and UV-visible spectrum. In addition, in the studies on deNOx reactions over these catalysts, the NOx species and especially NO2 (more oxidizing than oxygen as shown in the paper), may still be more efficient than calcination to re-disperse Ag of aged Ag/Al2O3 samples. Notes: The amount of S is very low, and is found in all areas whether Ag is present or not. It is not possible to discriminate carbon of possible silver carbonate from carbon of the carbon membrane of the copper grid and of the contamination generated under beam exposure. 

SupInf4: X-EDS

Figure 2

 2 Figure 2 compares the UV-visible spectra of sample Ag(2.6)/Al2O3, calcined (yellowish) (spectrum a) then recorded after different ageing times and thermal treatments. The spectra of the sample aged for 12 and 24 months (both grey samples) look very similar (spectra b and c).

Figure 1 :

 1 Figure 1: UV-visible spectra of Ag(x)/Al2O3 samples (A) calcined at 600 °C; (B) aged for 12 months in air; (C) re-calcined at 600 °C.

Figure 2 :

 2 Figure 2: UV-visible spectra of Ag(2.6)/Al2O3 (a) calcined at 600 °C, (b) 12 month-aged, (c) 24 monthaged, (d) 12 month-aged and re-calcined at 600 °C, (e) calcined then submitted to NOx-TPD, (f) 12 month-aged in air and reduced at 550 °C under H2 (20% in He).

Figure 3 :

 3 Figure 3: XRD patterns of (a) Al2O3, (b) Ag(2.6)/Al2O3 calcined at 600 °C, (c) Ag(2.6)/Al2O3 12 monthaged then reduced at 550 °C in H2, (d) Ag(2.6)/Al2O3 aged 24 months, (e) Ag(3.5)/Al2O3 24 monthaged, (f) Ag(4.1)/Al2O3 24 month-aged.

Table 2 :

 2 Selection of silver or aluminum compounds whose XRD peaks (extracted from the JCPDS files) match with some of the new peaks appearing during ageing of Ag(4.1)/Al2O3 sample. I: peak intensity * the peak of Ag2S that does not match the experimental results

  (4.1)/Al2O3 sample and on nanoparticles of the aged Ag(3.0)/Al2O3 sample (Table in SupInf5). The most frequent lattice distance values measured were 2.0-2.1 and 2.3-2.4 Å, both for nanoparticles and aggregates. They were compared to the lattice distances of several Ag compounds, Ag 0 , Ag2O, Ag2S, Ag2CO3, Ag2SO4, Ag2SO3 and AgCl. The two sets of values match very well with the lattice distances of the two most dense planes of Ag 0 , (200) and (111), with d200 =2.04 Å and d111 =2.35 Å. The discussion on the assignment of the other distances measured is detailed in the supplementary material (SupInf5). Hence, data analysis of the HRTEM images indicates that the aggregates and nanoparticles in the aged samples are mainly Ag 0 .

Figure 4 :

 4 Figure 4: HAADF-STEM images (dark field) (A) of 12 month-aged Ag(2.6)/Al2O3 then reduced at 550 °C (B) 12 month-aged Ag(2.6)/Al2O3: (a) large aggregates, (b) small particles

Figure 5 :

 5 Figure 5: Photoluminescence spectra (lexc =280 nm) of Ag(2.6)/Al2O3 (a) aged, (b) re-calcined at 600 °C and alumina (doted lines) (c) as such, (d) calcined at 600 °C.

Figure 6 :

 6 Figure 6: (A) XANES at the Ag threshold of Ag(2.6)/Al2O3 (a) aged (red), (b) re-calcined at 600 °C (black), and references: Ag foil (dotted blue), AgNO3 (dotted green), Ag2O (dotted red); (B) Ag K-edge (non phase corrected) χ(R) in R 3 space (red) and fittings components (real part) of Ag(2.6)/Al2O3 sample, aged (bottom) and re-calcined at 600 °C (top).

Table 4 :

 4 Fitting parameters of the EXAFS at the Ag-K edge for the aged and re-calcined Ag(2.6)/Al2O3 samples (Δk = 3.3 -9.0 Å -1 , Δr = 1.4-3.5 Å, S0 = 0.82).

  0 particles. Then, based on the data of the review in Section 2.1 on the influence of size and aggregation degree of Ag 0 particles on the optical properties (), one can propose that the second ageing step is the aggregation of Ag 0 species or of small NPs formed during from the first step, and the formation of larger particles aggregates. The presence of small NPs and large aggregates (30-50 nm) in the aged Ag/Al2O3 samples (Figure4B) indicates that migration of Ag species occurs. Such a phenomenon was attested in the case of 75 nm PVP-stabilized Ag 0 NPs supported on a silica substrate, which were exposed to ambient air with humidity ≥50%[39]. After one-week exposure, new small particles (5-10 nm and smaller) were visible by TEM in the immediate vicinity of large Ag 0 particles. Their number increased after weeks, and spread in larger areas around the parent particles. A three-stage mechanism was proposed by the authors: (1) surface oxidation with ambient oxygen and adsorbed water; (2) ion silver diffusion away from the parent particle in the adsorbed water layer driven by the concentration gradient (3) nucleation and growth of new particles via chemical and/or photochemical reduction of silver ion on the surface.

Figure 7 :Figure :

 7: Figure 7: Evolution of the NOx uptake during the NOx-TPD of calcined Ag/Al2O3 samples as a function of the Ag loading according to ref. [3].

Figure :

 : Figure: Example of X-EDS measurements in areas containing Ag aggregates (A) and in areas with no visible Ag NPs (B).

  

  

Table 1 :

 1 Color

of the Ag(x)/Al2O3 samples, (A) freshly calcined at 600 °C; (B) aged 12 months in air and dark; (C) re-calcined at 600 °C

Table : X

 : -EDS measurements performed on aged Ag(4.1)/Al2O3 in areas containing aggregates and in areas containing no visible particles (see Figure below)

	Selected areas	O (at.%)	Al (at.%)	Ag (at.%) S (at.%)
	Ag	aggregates	(see	
	Figure S2)		

* associated with the intrinsic photoeffect of Ag, i.e., the interband transition observed in bulk Ag (electron transition from the valence band to conduction band, the threshold of which is 4 eV, i.e. 310 nm)[START_REF] Cottancin | Optical Properties of Metal Clusters and Nanoparticles[END_REF] ** the difference with Ag 0 NPs is not clearThe assignment of the band at 350 nm can now be discussed. Several attributions were proposed in the literature as shown in Table3. The band was sometimes associated to another one at 280-290 nm and attributed to Agn 0 or Agn d+ clusters, i.e., to ensembles of small number of Ag atoms (<10-20 atoms) carrying no charge or a d+ charge: (i) Agn d+ clusters for bands at at 260-268 nm with 2≤n≤4[50], 290 and 350 nm[6], 305 nm[12], ~350 nm[45], 360 nm[12];(ii) Agn 0 clusters for bands at 280-350 nm[8], 285 and 345 nm[51], at 290 and 352 nm[52],
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Supplementary Material

SupInf1: Other characterization techniques Despite the risk of thermal reduction of Ag + species without H2 consumption, TPR/TPO experiments were performed. No H2 or O2 consumption could be recorded in these samples, even in the optimized conditions recommended in earlier studies, e.g. in TPRs performed after in situ pretreatment at 200 °C for 1 h under O2 [1] and an inert gas [2]. XPS measurements were also performed on a calcined Ag(3.5)/Al2O3 sample and an aged one, using an Omicron (ESCA+) spectrometer with an Al Ka (hn = 1486.6 eV) X-ray source powered at 14 kV and 20 mA. The XPS peaks were too broad to allow the determination of silver oxidation states. Indeed, the alumina support broadens the silver peaks, and in addition, the assignment of the binding energies is stilla matter of discussion in the literature due to large discrepancy in the values of the Ag3d BE for a given oxidation state provided by the literature [3][4][5][6]. The only reliable result obtained was the absence of sulfur detected in the aged samples. The Auger parameter, which was supposed to allow to discriminate Ag 0 from the other oxidation states, however, did not appear meaningful according to a former study [6]. 

SupInf5: HRTEM

Comments on HRTEM measurements

The most frequently measured distances at 2.0-2.1 and 2.3-2.4 Å fit very well with the lattice distances of the two most dense planes of Ag 0 , (111) and ( 200), with d111 =2.35 Å and d200 =2.04 Å, respectively (Table A SupInf5). They also fit more or less with lattice distances of monoclinic Ag2CO3, but corresponding to peaks of low intensity. The presence of Ag2O as the main Ag compound can be discarded because its most dense plane is at 2.73 Å, so beyond the values measured and the other distances at 1.44, 1.67 and 2.36 Å correspond to too high index planes to be detectable (I <30). The d-spacing at 1.4 Å measured in a few cases can fit with the (220) plan of Ag 0 but also with the (440) dense plane of g-alumina (Table B SupInf5). The d-spacing at 1.9 Å found twice is close to inter-reticular distances of the other dense plane (400) of g-alumina at 1.98 Å. However, the assignment to alumina can be discarded because (i) Ag is by far the main element detected on the particles by X-EDS (SupInf4), and (ii) the fringes are no more visible beyond the perimeter of the particles, indicating that they belong to the Ag particles and not to the support. Hence, the distances at 1.9 and 2.2 Å measured in a few cases can probably be considered as the very extreme values of the error bar of the distances at 2.0 and 2.3 Å of Ag 0 . Indeed, the orientation of the particles with respect to the beam is not always exactly in the Bragg conditions, so measurements are not very accurate.

The lattice spacings at 2.5 and 2.6 Å measured several times could fit with the inter-reticular distances of several dense planes of Ag2S at 2.58 and 2.60 Å or of Ag2SO4 at 2.53 and 2.64 Å. Note that the measured lattice fringes do not fit with those of AgCl, and that almost all of the lattice distances measured fit with those of Ag2SO3. However, the very low amount of sulfur detected by X-EDS (SupInf4) in areas containing Ag aggregates and in areas with no visible Ag particles, allows us to discard the presence of these three Ag species in the aged samples. 

SupInf6: EXAFS